Understanding how organisms adapt to aridity is a central theme in traditional desert ecology research. However, many of the pioneering studies were conducted before detailed phylogenies were available to provide evolutionary context and before the accumulation of accurate bioclimatic and species distribution data to provide geographic and environmental context. We tested the desert-adaptive value of changes in skull and dental morphology in rodents after phylogenetic correction. In addition, we estimated that across the evolutionary history of more than 2,400 rodent species, transitions between mesic and desert habitats have been very frequent, with a directional bias toward the mesic-to-desert transition. This suggested that derived desert specialization is an "evolutionary deadend" that limits further evolution. After correcting for the strong phylogenetic signal, we still find a significant and strong correlation between habitat aridity and specializations associated with auditory sensitivity (auditory bulla inflation) and respiratory water retention (nasal passage elongation) but not in characters associated with dietary specialization (lower incisor shape). No other significant associations were found between habitat or aridity and any other cranial, jaw, or dental traits. Bullar hypertrophy is among the strongest patterns of convergent cranial desert adaptation in rodents and indicates that adaptation plays a similar role in shaping the evolution of this structure in different desert rodent clades.
Understanding how organisms adapt to their environment is a central theme in traditional ecological research, where morphology is assumed to reflect both habitat-specific adaptations (Wainwright and Reilly 1994) and phylogenetic history. This is especially true for convergent desert adaptations in rodents, including those for fossoriality and bipedality, but mostly adaptations to water and energy conservation that enable rodents to survive these extreme habitats (Vial 1962; Mares 1975 Mares , 1976 . Rodents are particularly amenable to studies of adaptation because they are speciose, found on all continents except Antarctica, and occupy variable habitats ranging from mesic rainforests to arid deserts (Fabre et al. 2012) .
Deserts constitute the largest terrestrial biome, covering one-fifth of dry land (Hickman et al. 2004) , and while varying greatly in temperature, are defined by their aridity that is caused by low and unpredictable rainfall that erodes the soil (Louw and Seely 1982) . Adaptations to deserts are either directly to aridity or indirectly to the habitat manifestations of aridity such as low plant cover (where perennials cover less than 10% of total area) and low food and water resources most of the year (Sowell 2001; Ward 2009 ). Desert adaptations also include those in response to predation pressures, such as the reoccurring evolution of camouflage in desert rodents that allows them to evade detection (Boratyński et al. 2017) .
Among the most studied convergent desert-adaptive structures in mammals, also characteristic of fossorial species, is the hypertrophied auditory bulla (especially the tympanic and mastoid cavities), which is a bony cranial chamber that houses the middle ear bones and amplifies low-frequency sounds (e.g., kangaroo rats, Dipodomys spp. -Webster and Webster 1975; gerbils, Gerbillinae-Lay 1972; Alhajeri et al. 2015; Mason 2015 ; Neotropical spiny rats, Echimyidae- Gardner and Emmons 1984; mole-rats, Bathyergidae-Burda et al. 1989 ; marsupial moles, Notoryctes spp. -Mason 2001; sand cats, Felis margarita-Huang et al. 2002; tuco-tucos, Ctenomys spp.-Francescoli 1999; Schleich and Vasallo 2003; Francescoli et al. 2012; golden moles, Chrysochloridae-Mason 2003; armadillos, Dasypodidae-Squarcia et al. 2007 ; jerboas, Dipodidae-Mason 2015; and sengis, MacroscelididaeMason 2015) . In a comparison of 13 gerbil species, Lay (1972) found that more arid environments are correlated with increased anatomical specialization of middle and inner ear anatomy and as a consequence, increased auditory sensitivity. The increased auditory sensitivity that accompanies auditory bulla enlargement is described as an adaptation for both prey capture and predator avoidance in open habitats where sound dissipates quickly and early detection is key to escape more effective predators (Lay 1972; Webster and Webster 1975) . Many desert rodents are fossorial, because open habitats have few natural shelters and increased sound sensitivity is important for subterranean vocalizations that use low-frequency sounds (Lay 1972; Webster and Webster 1975) .
Internal nasal passage (turbinate) morphology has been proposed to be an adaption to aridity (Feldhamer et al. 2007 ). Longer, narrower, and more convoluted turbinates are more efficient at cooling exhaled air and therefore better in water conservation through condensation and reabsorption of exhaled air (e.g., kangaroo rats-Schmidt-Nielsen and Schmidt-Nielsen 1950; degus, Octodon degus- Cortes et al. 1988 Cortes et al. , 1990 . Agrawal (1967) showed that there is a tendency of decreased nasal length as a digging adaptation in fossorial rodents because projecting nasals hinder burrowing and have a greater chance of injury, which could confound the potential relationship in rodents, because most desert species are fossorial.
Finally, broad and short lower incisors have been proposed to be an adaption to remove salt from desert saltbush epidermis in various rodent groups (Ojeda et al. 1999) . However, subsequent studies have not tested the association between incisor shape and aridity in a large sample of rodent species.
Here, we test the adaptive value of the auditory bulla, nasal morphology, and lower incisor shape on a broad taxonomic scale that includes desert and mesic representatives from most rodent families. Most comparative morphological studies of desert adaptation are based on very limited taxonomic sampling and small sample sizes, and most of the documented associations with deserts have been anecdotal and not rigorously tested. We use an order-level molecular phylogeny of rodents to correct correlation tests for evolutionary relationships. We test the association between 5 putatively adaptive morphological traits (bullar index [BI] 
Questions and HypotHeses
Our principal question is: 1) are the auditory bulla, lower incisor, and nasal morphologies in rodents desert-adaptive? We predict that increased aridity (decrease in aridity index, decrease in mean annual precipitation, and increase in mean annual temperature) will be directly correlated with an: a) increase in both BI and BV, reflecting an increase in absolute and relative size; b) increase in LII, indicating a "squarer" shape; and c) decrease in both NI and NV, reflecting longer and narrower nasal passages that are more efficient at water conservation of exhaled air. We also ask: 2) is some variation in other aspects of skull morphology, not previously hypothesized to be desertadaptive (henceforth "desert-neutral" traits; based on standard skull measurements), also correlated with aridity? Finally, we quantify: 3) the pattern of transition between mesic and desert habitats, using all extant rodent species and ancestral state reconstruction.
Materials and MetHods
Composite rodent chronogram.-We used a chronogram adapted from Fabre et al. (2012) that includes all extant rodent species. Fabre et al.'s (2012) tree was estimated using maximum likelihood (ML) from a supermatrix of 11 mitochondrial and nuclear genes of 1,265 rodent species and multiple fossil calibrations. The superfamily Muroidea was pruned from Fabre et al.'s (2012) tree and replaced with Steppan and Schenk's (2017) muroid chronogram that included more species, was based primarily on nuclear sequences, and excluded misidentified sequences found in Fabre et al. (2012) . We maintained the crown age for muroids from Steppan and Schenk's (2017) tree at 32.6 million years ago (Ma) and the stem age from Fabre et al.'s (2012) tree at 48.77 Ma, retaining the ultrametricity of the chronogram.
Species lacking molecular data were grafted onto the tree closest to the species that shares the most recent common ancestor (e.g., same genus, same subfamily) based on the taxonomy of Carleton and Musser (2005) , resulting in a tree with 2,357 species. If morphological and habitat data were obtained from more than 1 subspecies, then the species tip was split midbranch, creating polytomies, and data were applied separately to each tip in subsequent analyses, conducted using a final tree that includes 2,414 operational taxonomic units (OTUs). Tree pruning, grafting, and ultrametricity checks were conducted in the Ape library (Paradis et al. 2004 ) in R (R Development Core Team 2013 .
Binary habitat categories and quantification of habitat transition.-All 2,414 OTUs were classified as desert or mesic based on the information from the literature (Supplementary Data SD1), primarily using information from the International Union for Conservation of Nature Red List (IUCN 2013) following Alhajeri et al. (2015) and Alhajeri and Steppan (2016) . In addition to this classification scheme, analyses were also conducted on a classification based on Shenbrot et al. (1999) and results of the 2 schemes were compared (see Alhajeri et al. 2015) .
The frequency and pattern of transition between desert and mesic environments were estimated using ancestral character reconstruction using both ML, as implemented in the Ape library, and Bayesian stochastic character mapping (BS-Huelsenbeck et al. 2003) as implemented in the Phytools library (Revell 2012) in R using binary habitat categories ("desert" versus "mesic") derived from IUCN (2013) . Stochastic character mapping in Phytools is based on the method described in SIMMAP (Bollback 2006) . Both ML and BS approaches used the all rates different matrix (ARD) 2-parameter model (with different rates estimated for forward and reverse transitions). ARD fits the data significantly better than both the equal rates (ER) 1-parameter model and the symmetric (SYM) 1-parameter model (same rate estimated for forward and reverse transitions; ER and SYM are identical for binary traits), as determined by the likelihood ratio test (ΔlnL = 36.98, P < 0.0001).
Habitat transitions in ML were inferred as occurring along the branch where the ancestral node is more likely (> 50%) to be 1 habitat type (e.g., mesic) and the descendant node is most likely (> 50%) to be another habitat type (e.g., desert). The BS analysis used the best-fit evolutionary model (ARD) and tip states (desert versus mesic) to simulate stochastic character histories of the habitat using the fitted continuous time-reversible Markov model of evolution (Huelsenbeck et al. 2003; Revell 2012 ). Habitat transition rates were based on the average of 1,000 history maps.
Extraction of continuous environmental data.-The typical climatic conditions encountered by each species were based on the mean of the of bioclimatic variables across each species' geographical range, which were extracted from the WORLDCLIM database (www.worldclim.org -Hijmans et al. 2005 ) at a spatial resolution of 2.5 min, using DIVA-GIS 7.5 (Hijmans et al. 2012) following Alhajeri et al. (2015) and Alhajeri and Steppan (2016) .
The average of each bioclimatic variable was calculated across the range of each species by averaging each grid cell observation that falls within each species' polygon shape file, which were downloaded from IUCN (2013). Mean annual temperature and mean annual precipitation were extracted for comparative analyses in addition to average temperature and precipitation of the driest quarters, which were used to calculate the aridity index (Supplementary Data SD2 and SD3) following the method of De Martonne (1927 Martonne ( , 1942 , using the modifications described previously in Alhajeri et al. (2015) . The aridity index is unitless, ranging from 0 to 60 for most habitat types, with lower values indicating increased aridity (Lungu et al. 2011) . By incorporating both precipitation and temperature variables (Supplementary Data SD3), this index can be used as a proxy for potential evapotranspiration, with temperature used as a measure of evaporation capacity (Maliva and Missimer 2012) , and thus captures water availability as a function of temperature and precipitation (Baltas 2007) .
To meet the assumptions of normality of subsequent analyses, both mean annual precipitation and the aridity index scores were log transformed. Fifteen species with negative (raw) aridity index scores were dropped (see Alhajeri et al. 2015 for details) because De Martonne's (1927 Martonne's ( , 1942 (Lungu et al. 2011) . We also dropped 5 outlier species with extremely high aridity index scores (> 200) because these scores were several orders of magnitude greater than most of the species in the sample (Supplementary Data SD2), as a consequence of occurring in extremely mesic regions with very high precipitation values. The exclusion of these species did not qualitatively change the results of the analysis. However, their inclusion in the dataset would violate the normality of residuals assumption of the phylogenetic generalized least squares (PGLS) analysis, which is especially affected by residual distributions consisting of a few large outliers (Mundry 2014) .
Morphological data collection.-We examined 1-9 specimens from 591 rodent OTUs (species or subspecies), for a total of 2,075 specimens (Appendix I). Where possible, equal numbers of males and females were measured, although sexual dimorphism is uncommon in rodents. We sampled most of the available desert rodent species present in the museums listed below, in addition to a selection of close mesic relatives, to maximize our power to detect desert adaptation. All 5 rodent suborders and 79% of the families were sampled, including all families with any desert species.
Morphological measurements were obtained from the skulls of voucher specimens from the collections of the American Museum of Natural History (AMNH) in New York, the Field Museum of Natural History (FMNH) Robertson and Shadle (1954) and Samuels (2009) as well as the complete eruption of 3rd molars, reaching the occlusal surface (Steppan 1997) .
Skull measurements were extracted from photographs captured with a Nikon D3200 digital SLR camera using a Nikon 40 mm f/2.8G AF-S DX Micro-Nikkor Lens (Nikon, Tokyo, Japan) at 6,016 × 4,000 resolution in a standardized manner. Up to 10 photographs were taken per individual and included multiple magnifications of the dorsal, ventral, and lateral orientations of the skull, with a scale bar included in each photograph. All measurements were taken from images of the left side of the skull using TpsDig v2.16 (Rohlf 2010) . If the left side of the skull was damaged, the right side was measured instead.
Species averages were calculated for all morphological characters from distances extracted from the ventral (Supplementary Data SD4 and SD5), lateral (Supplementary Data SD6 and SD7), and dorsal (Supplementary Data SD6 and SD8) views of crania as well as the occlusal (Supplementary Data SD9 and SD10) and lateral (Supplementary Data SD9 and SD11) views of the mandibles. Distances observable from multiple views of the crania or mandibles were measured in all views, and averaged, before calculating subsequent derivative characters, such as bulla volume and NI (Supplementary Data SD12) to reduce the effects of flattening a 3D structure to 2D images. The 47 measurements obtained from each skull are described in Appendix II. All morphological variables were log transformed prior to subsequent phylogenetic or size correction (see below). Five shape indices, assumed to represent morphological adaptations to aridity, were calculated as: BI = bulla length divided by skull length; BV = product of length, width, and depth; NI = breadth divided by length; NV = product of breadth, length, and rostral depth; LII = width divided by length (see Appendix II for more detailed descriptions).
Phylogenetic and size correction.-Phylogenetic signal was computed by calculating the K-statistic under a Brownian motion (BM) model of evolution with statistical significance calculated via 1,000 randomizations (Blomberg et al. 2003) ; values close to zero indicate no phylogenetic signal (close relatives do not look more similar than distant relatives), K = 1 indicates resemblance of relatives predicted by BM, and K > 1 indicates more resemblance than expected by BM (Blomberg et al. 2003) .
Distances were scaled by size using shearing, calculated as the residuals from a least squares regression analyses of each trait against the 1st principal component of the pooled data, the latter used as a size measure (McCoy et al. 2006) .
We tested the correlation between environmental and morphological variables, both with and without correcting for phylogeny. The tree used in phylogenetic correction contained 591 OTUs ( Fig. 1 ; Supplementary Data SD13 and SD14) extracted from the 2,414 OTU rodent phylogeny described above. Shearing and principal component analysis (PCA) were conducted after correcting for phylogenetic non-independence among species. This is important because not accounting for phylogeny at the preliminary transformations can increase variance and type I error, even if phylogeny was accounted for in subsequent analyses, leading to spurious results in phylogenetic comparative methods (Revell 2009 ). Phylogenetic signal calculation, phylogenetic size correction, and phylogenetic PCA were conducted following Revell (2009) using the Phytools library in R.
Univariate analyses of putative desert-adaptive characters.-The association between the 5 morphological indices with climate and habitat data was tested in a univariate framework as follows. Data where only size correction was performed were tested for desert adaptation by conducting generalized least squares analyses of each character onto the aridity index, mean annual temperature (BIO1), and mean annual rainfall (BIO12). These regressions were conducted on each climatic variable separately. In addition, an analysis of variance (ANOVA) was conducted while classifying species as desert or mesic using IUCN data (Supplementary Data SD1). Both these analyses were conducted in the R base package.
Data where both size and phylogenetic correction was performed were tested for desert adaptation by conducting PGLS analyses of each character onto the 3 bioclimatic variables following the method of Freckleton et al. (2002) . PGLS was used instead of independent contrasts because it can tolerate polytomies better. Analyses on discrete data (desert versus mesic) were conducted using phylogenetic ANOVA (PhyANOVA) with 1,000 phylogenetic simulations following the method of Garland et al. (1993) . PhyANOVA was conducted in the Phytools library and PGLS was conducted using the Caper library (Orme et al. 2013) 
in R.
Multivariate analyses of overall skull morphology.-To test the generality of skull adaptation to deserts in rodents, the association between a suite of 29 standard linear measurements intended to capture overall skull morphology (not including the putative desert-adaptive characters tested above) with climate and habitat data was tested in a multivariate framework as follows: 1) Morphological data were subjected to PCA and the first 6 principal components were inspected for separation of desert versus mesic rodents in all 3 datasets (raw, size corrected, and phylogenetic size corrected). 2) A discriminant function analysis (DFA) was performed to provide information as to the relative contribution of each morphological variable in the discrimination between these 2 groups. 3) A multivariate analysis of variance (MANOVA) was performed to see if these 2 groups have significantly different overall morphologies. Nonphylogenetic PCA was conducted using singular value decomposition in the PcaMethods library (Stacklies et al. 2007 ), phylogenetic PCA was conducted in the Phytools library, linear DFA was conducted in the Mass library (Venables and Ripley 2002) , and phylogenetic MANOVA (PhyMANOVA) was conducted in the Geiger library (Harmon et al. 2008) in R. 4) The correlation between continuous climatic variables and morphological variables was also tested using canonical correlations analyses (CCAs). CCA calculates a set of canonical variates that are orthogonal linear combinations of the variables within each set that have the maximum correlation with each other (Härdle and Simar 2012) . CCA was conducted in both the Cca library (González et al. 2008 ) and the Yacca library (Butts 2012) in R. CCA also used code from the UCLA: Statistical Consulting Group (2013).
results
Habitat transition in rodents.-Results from analyses using Shenbrot et al.'s (1999) habitat classification were largely concordant with those from the IUCN habitat scheme (data not shown); therefore, only analyses using the latter are presented here.
Both the ML and the BS ancestral state reconstructions on the entire rodent tree showed marginal support for the ancestral habitat of rodents being desert (SL = 52.8%, PP = 0.51). SL refers to the scaled (or proportional) likelihood of an ancestral state (Supplementary Data SD15) and PP is the posterior probability for a given state (Supplementary Data SD16). The BS analysis estimated an average of 276.6 transitions between habitats (mesic to desert = 141.7, desert to mesic = 134.9) with 85% more time spent in the mesic habitat. Similarly, the ML analysis detected a faster forward transition rate from mesic to desert (0.073 ± 0.0074) than the reverse desert to mesic transition rate (0.013 ± 0.0011).
Difference in climate between desert and mesic environments.-Desert species faced significantly more aridity than mesic species (0.97 ± 0.41 versus 1.54 ± 0.42; t 1,589 = 13.82, P < 0.0001; Fig. 2a ), lower mean annual precipitation (2.43 ± 0.28 ln mm versus 2.97 ± 0.33 ln mm; t 1,589 = 17.98, P < 0.0001; Fig. 2b ), and lower average mean annual temperatures (16.9 ± 5.62°C versus 18.2 ± 6.64°C; t 1,589 = 2.18, P = 0.03; Fig. 2c ). This 1.3°C difference illustrates that many deserts are cold with aridity being the main criterion for classifying a region as desert.
Dataset comparison and phylogenetic signal.-The results of the 1) non-size, non-phylogenetically corrected data; the 2) size-corrected, non-phylogenetically corrected data; and the 3) size-corrected, phylogenetically corrected data are consistent in both the univariate analyses of the 5 putative desert-adaptive traits, and the multivariate analyses of the 29 desert-neutral characters.
The addition of size correction tends to reduce the significance of the correlations, and the addition of phylogenetic correction tends to reduce it even more. All non-size and sizecorrected morphological data and environmental variables showed statistically significant phylogenetic signal at P < 0.001 and K values ranging from 0.015 to 0.66. The only exceptions were LIW (width across both lower incisors) and LII for the size-corrected dataset (P = 0.3, K = 0.01 and P = 0.15, K = 0.23, respectively); however, results in subsequent analyses were consistent with phylogenetically corrected data. In accordance with these results, only size-and phylogenetically corrected data are presented below.
Contrasts of putative desert-adaptive traits with habitat and environmental data.-PhyANOVA indicated that desert rodents have significantly greater BI scores than mesic rodents (F = 141.39, P = 0.001; Fig. 3a) indicating greater relative bulla size. PGLS indicated that BI scores were weakly but significantly negatively correlated with both aridity index (coefficient = −0.012, R 2 = 0.008, P = 0.028; Fig. 3b ) and mean annual precipitation (coefficient = −0.034, R 2 = 0.034, P < 0.0001; Fig. 3c ) indicating relative bulla size increased with more arid and lower rainfall environments. PGLS indicated that BI scores were not significantly correlated with mean annual temperature (coefficient = −0.0003, R 2 = 0.001, P = 0.509; Fig. 3d ). The same patterns were observed in BV: PhyANOVA (F = 162.28, P = 0.001; Supplementary Data SD17a), PGLS aridity index (coefficient = −0.038, R 2 = 0.019, P = 0.001; Supplementary Data SD17b), PGLS mean annual precipitation (coefficient = −0.069, R 2 = 0.027, P = 0.0001), and PGLS mean annual temperature (coefficient = −0.00005, R 2 = 0.002, P = 0.963; Supplementary Data SD17d). Nasal size and shape showed a more complex pattern. PhyANOVA indicated NI scores were not significantly different between desert and mesic rodents (F = 4.29, P = 0.669; Fig. 4a ). However, PGLS indicated that NI scores were significantly positively correlated with aridity index (coefficient = 0.016, R 2 = 0.008, P = 0.024; Fig. 4b ) and trended negatively with mean annual temperature (coefficient = −0.001, R 2 = 0.005, P = 0.057; Fig. 4d ), indicating that nasals were proportionately longer and narrower in more arid and warmer environments, but not with mean annual precipitation (coefficient = 0.019, R 2 = 0.004, P = 0.084; Fig. 4c ). PhyANOVA indicated that desert rodents had significantly lower NVs than mesic rodents (F = 84.11, P = 0.002; Fig. 5a ). PGLS indicated that NV scores are significantly positively correlated with aridity index (coefficient = 0.026, R 2 = 0.019, P = 0.001; Fig. 5b ) and mean annual precipitation (coefficient = 0.044, R 2 = 0.023, P = 0.0003; Fig. 5c ), but not mean annual temperature (coefficient = −0.0005, R 2 = 0.001, P = 0.544; Fig. 5d ), indicating rostra were smaller in drier environments, irrespective of temperature.
Lower incisor indices were not significantly associated with any of these habitat variables: PhyANOVA ( The association between morphological variables with the binary habitat data was tested using phylogenetic analyses of variance (PhyANOVA), whereas the association with continuous environmental variables were tested using phylogenetic generalized least squares (PGLS). Boxplots and scatterplots indicate phylogenetic and size-corrected residuals of morphological variables. Indicated R 2 values, as in the text, are adjusted for the number of explanatory terms in the model relative to the number of data points (more conservative than unadjusted R 2 ). A best-fit line is only included in significant and marginally significant regressions. Multivariate association of overall skull morphology with habitat and environment.-The morphospace represented by the first 6 size-corrected, phylogenetic principal components (extracted from 29 characters) did not clearly separate species based on binary habitat classification (Supplementary Data SD19 and SD20). Similarly, based on a visual inspection of the sole linear discriminate function, there does not seem to be clear separation between desert and mesic groups (Supplementary Data SD21 and SD22). Despite this result, the reclassification of species based on the discriminant function was highly successful with 82% of all species being correctly classified into their original habitat categories in the original dataset and 79% of correct reclassification based on the cross-validated dataset using jackknife resampling (Supplementary Data SD23). In contrast, PhyMANOVA, indicated the 2 groups were not significantly different (Wilks' λ 1,589 = 0.65, P = 0.96), unlike the non-phyMANOVA, which did find a significant difference (F 1,589 = 8.65, P < 0.0001). These results suggest that the DFA recovered clades rather than habitat groups. Taken together, the phylogenetic results indicate that desert and mesic species did not differ significantly in the 29 desert-neutral characters.
CCA indicated strong associations between the multivariate morphological and the climatic variables in all 3 dimensions (Cor1 = 0.598, R 2 = 0.079, P < 0.0001, Fig. 6a ; Cor2 = 0.500, R 2 = 0.378, P < 0.0001, Fig. 6b ; Cor3 = 0.430, R 2 = 0.187, P < 0.0001, Fig. 6c ). The canonical coefficients of the 1st dimension indicated that it was most strongly associated with the climate variables aridity index (0.97) and mean annual precipitation (0.89), and morphological variables bulla length (−0.78), height (−0.78), and width (−0.71) in the negative direction, and basicranial width (0.77) and incisor width (0.72) in the positive direction ( Fig. 7a; Table 1 ). Therefore, the strongest association between these 2 datasets was a negative correlation between increased aridity index and mean annual precipitation (more mesic environments) with decreased bulla dimensions and increased basicranial width and incisor breadth. However, all other morphological variables, except for bulla length, width, and height as well as interorbital breadth and 1st molar width, were also positively associated with aridity and precipitation. The 2nd canonical dimension, which explained residual variation, was most strongly associated with the climate variables temperature (0.98) and weakly with mean annual precipitation (0.45) and the morphological variables skull length (0.51), pterygoid length (0.47), incisor depth (0.46), and nasal length (0.40) ( Fig. 7b ; Table 1 ). The residual variation explained by the 3rd canonical dimension, while significant, was weak and indicated mostly correlations among the morphological variables and not environmental variables ( Fig. 7c; Table 1 ). 
discussion
Habitat transition and desert specialization in rodents.-Rodents have a broad niche, a distinctive skull morphology, and specialized masticatory apparatus (i.e., incisors-Nowak 1999). Deserts are commonly described as extreme habitats, and desert rodents, with their common suite of convergent adaptations, including those for fossoriality, bipedality, water conservation, and energy conservation, are considered extremely specialized (Vial 1962; Lay 1972; Mares 1975 Mares , 1976 . The BS analysis indicates that rodents spent 85% more evolutionary time in the mesic habitat state and that the desert lineages are concentrated near the tips of the tree, indicating frequent, recent desert transitions. The strong bias favoring transition from mesic to desert ecosystems in the ML analysis (5.6-fold difference) and the weak bias in the BS analysis (1.1-fold difference) indicate that it is easier for rodent lineages to transition from mesic to desert ecosystems than the reverse. This bias may also be influenced by the expansion of deserts during the Cenozoic.
Desert adaption in the auditory bulla, lower incisors, and nasals.-The association between desert habitats and enlarged bullae, squarer-shaped lower incisors, and longer and more complex nasal passages in rodents has been argued in multiple studies (e.g., Schmidt-Nielsen and Schmidt-Nielsen 1950; Lay 1972; Webster and Webster 1975; Cortes et al. 1988 Cortes et al. , 1990 Ojeda et al. 1999) . However, most of these studies were descriptive, based on limited taxonomic sampling, had small sample sizes, and do not correct for phylogenetic relationships.
Here, we present a quantitative, phylogenetically correct, orderlevel investigation of desert adaptation in skull morphology in rodents. The results show that while morphological variations of the bullae, lower incisors, and nasals have significant phylogenetic signal, phylogeny alone does not completely explain interspecific variation.
Auditory bullae are relatively larger in desert than in mesic rodents, and its size increases with increasing aridity, confirming the hypotheses from earlier, non-phylogenetic, studies (e.g., gerbils -Lay 1972; Pavlinov and Rogovin 2000; Momtazi et al. 2008; heteromyids-Webster and Webster 1975; Randall 1993; sand cats-Huang et al. 2002; Xenarthra-Squarcia et al. 2007 ). Enlarged auditory bullae are correlated with improved hearing of low-frequency sounds in desert and subterranean rodents (e.g., gerbils-Lay 1972; kangaroo rats-Webster and Webster 1975; Neotropical spiny rats- Gardner and Emmons 1984; tuco-tucos-Francescoli 2000; caviomorphs-Schleich and Vasallo 2003) . Improved hearing at low-frequency bands is especially useful for desert rodents because deserts are open habitats where sound dissipates quickly, and increased auditory sensitivity improves both prey capture and predator avoidance rates (Lay 1972; Webster and Webster 1975) as well as conspecific communication in burrows (Francescoli et al. 2012) . Bullar hypertrophy has been described as both a desert and a fossorial adaptation, sometimes in the same species. This is unsurprising because many desert rodents are fossorial (e.g., gerbils -Lay 1972; tuco-tucos-Francescoli et al. 2012) because deserts are open habitats with relatively few natural shelters (Lay 1972 ) and burrows provide refuge from fatally high daytime temperatures in some regions; burrows are also moister, which facilitates water conservation (Ward 2009). We found bullar hypertrophy in desert rodents despite the inclusion of fossorial species that achieve enhanced low-frequency hearing through adaptations of the inner ear, without the inflation of the auditory bulla (e.g., naked mole-rats, Heterocephalus glaber- Heffner and Heffner 1992) . Naked mole-rats appear to be the exception to the trend of bullar hypertrophy in fossorial desert rodents-a constraint on the size of the auditory bulla resulting from the mandible functioning in tooth-digging has been described for another fossorial group, the tuco-tucos (Verzi and Olivares 2006) .
Lower incisor shape does not appear to be associated with habitat or any other climatic variables, either with or without phylogenetic or size correction. The association between (   Fig. 7. -Canonical coefficients of correlations between climate (log mean annual precipitation [PREC] , mean annual temperature [TEMP] , and the log aridity index [AI]) and skull morphology (29 desert-neutral characters) in all 3 dimensions displayed in a circular fashion (a, b, and c). Larger (positive) values are indicated by the radial bars that are pointing outward from the base of the inner circle and the smaller (negative) values are pointing inward. ABL = average bulla length; AIL = average incisor length; AJL = average jaw length; AML = average molar length; ASL = average skull length; ASW = average skull width; BH = bulla height; BO = basioccipital length; BW = bulla width; CB = condyle breadth; DL = diastema length; ID = incisor depth; IH = incisor height; IOB = interorbital breadth; IW = incisor width; JDL = jaw diastema length; JID = jaw incisor depth; JMH = jaw 1st molar height; JML = jaw molar tooth row length; JMW = jaw 1st molar width; LIW = width across both lower incisors; MAM = moment arm masseter; MB = basicranial width; MH = 1st molar height (hypsodonty measurement); MW = 1st molar width; NB = nasal breadth; NSL = nasal length; PR = pterygoid region length; RD = rostral depth.
this structure and aridity has never been directly tested before. Kenagy (1972) was the first to propose that the broad, flat, and chisel-shaped lower incisors of Dipodomys microps was an adaptation to remove the salt-coated epidermis of halophytic plants that occur in their habitat before ingestion, a character and behavior that was thought to be unique among rodents. In a comparison of 7 species of desert rodents from several continents, Ojeda et al. (1999) showed that in addition to D. microps, Tympanoctomys barrerae and Psammomys obesus (from the Great Basin, Monte, and Sahara deserts, respectively) have evolved similar-shaped incisors and the ability to remove salt from desert saltbush epidermis before ingesting the green mesophyll tissue, with increased specialization being correlated with increased "squareness" of the lower incisors. Perhaps it is unsurprising that we did not find a correlation, since the sample of rodents display a very large range of dietary variation both within and between habitat groups (e.g., Alhajeri and Steppan 2018) , with many of the sampled desert rodents not being found in habitats that contain saltbush. An association may be observed if analyses were limited to folivorous species and excluded other dietary types such as granivorous species.
Both the NI and the NV scores were significantly positively correlated with mean annual precipitation or aridity index scores, indicating that more arid environments are correlated with longer and narrower nasals and smaller NVs. If the NI and NV measures approximate turbinate morphology, then the results are consistent with the expectation of desert adaptation in rodents, where long, narrow, and extremely convoluted turbinates are the most effective at conserving water from exhaled air (Schmidt-Nielsen and Schmidt-Nielsen 1950; Cortes et al. 1988 Cortes et al. , 1990 Feldhamer et al. 2007) .
One of the most important functions of the nasal cavity is to moisten and warm inhaled air to prevent damage of sensitive Table 1 .-Canonical coefficient values of correlations between climate (mean annual precipitation, mean annual temperature, and the aridity index) and skull morphology (29 desert-neutral characters) in all 3 dimensions. See Fig. 7 for more information. PREC = log mean annual precipitation; TEMP = mean annual temperature. ABL = average bulla length; AIL = average incisor length; AJL = average jaw length; AML = average molar length; ASL = average skull length; ASW = average skull width; BH = bulla height; BO = basioccipital length; BW = bulla width; CB = condyle breadth; DL = diastema length; ID = incisor depth; IH = incisor height; IOB = interorbital breadth; IW = incisor width; JDL = jaw diastema length; JID = jaw incisor depth; JMH = jaw 1st molar height; JML = jaw molar tooth row length; JMW = jaw 1st molar width; LIW = width across both lower incisors; MAM = moment arm masseter; MB = basicranial width; MH = 1st molar height (hypsodonty measurement); MW = 1st molar width; NB = nasal breadth; NSL = nasal length; PR = pterygoid region length; RD = rostral depth. mucosal lung tissues and to cool and dry exhaled air, facilitating water retention (Inthavong et al. 2007; Noback et al. 2011) . Water and heat exchange between air and mucosal tissue are more efficient in longer and narrower turbinate systems due to increased mucosal contact surface per unit volume of inhaled air, because both the surface to volume ratio of the nasal passages and the resistance time (time air is spends in the nasal cavity) are increased (Inthavong et al. 2007 ). This relationship is also seen across human populations (Leong and Eccles 2009; Noback et al. 2011) . The association of the NI (the ratio between nasal breadth and length) with aridity was weaker than for NV, which could reflect an adaptive trade-off or constraint with fossoriality (which is not expected to be reflected in the rostral height) because most small desert rodents avoid heat stress by burrowing (e.g., gerbils, kangaroo rats, and dipodids-Nowak 1999), where long, projecting nasals hinder digging efficiency and have a greater chance of injury (Agrawal 1967) . Many desert animals have also evolved a counter-current heat exchange system in their nasal passages to further enhance water retention (Schmidt-Nielsen 1972) , a structure that is not adequately captured by cranial measurements.
Desert adaption in overall skull morphology.-Desert and mesic species have extensive overlap in overall skull morphology. However, the multivariate association between overall morphology and climate was significant, exhibiting strong correlations between some morphological traits with climatic variables. The strongest association was between increased auditory bulla dimensions (length, height, and width), reduced basicranial width and reduced (upper) incisor breadth, and more arid environments. Other linear measurements, including the components in the calculation of the LII and the NI or volume, were much more weakly correlated with aridity than those in bullar dimensions. Phylogenetically corrected analyses do not support associations between other traits and habitat or aridity measures. Other than the upper incisor width, dental characters were not associated with aridity despite many examples of dietary specialization in desert rodents. Desert rodents have different specializations ranging from exclusively folivorous (some with the capacity to shave and consume halophytic plants) to exclusively granivorous, and it is likely that only the former are associated with "squarer" incisors (e.g., Ojeda et al. 1999) .
Conclusions.-Rodents transitioned very frequently between desert and mesic habitats throughout their evolutionary history, indicating flexible habitat choice and frequent habitat switches. Despite this pattern, there is a bias towards a transition from a mesic to a desert habitat. Some traits long considered to be adaptations to desert conditions appear to have arisen within several clades (gerbils, heteromyids, and dipodids) after they had already begun diversifying within desert habitats, not coincident with the transition to deserts. Previously recognized associations between morphology and deserts were inflated due to shared phylogenetic history. Nonetheless, we confirm prior hypotheses that auditory bullae enlarged significantly with increased aridity, and this was the strongest morphological association we found ( Figs. 3 and 7 ; Supplementary Data SD17). The discordance between the strong pattern observed in the plots, when compared with the low R 2 values ( Fig. 3 ; Supplementary Data SD17), may partly be attributed to the overly conservative nature of phylogenetic corrections, especially when related species share both habitat and traits due to stabilizing selection. For example, many species in arid environments may share large bullae because they are related to each other. Alternatively, the low R 2 values may also indicate that the relationship is weak at the order level, when compared to narrower taxonomic scales.
We also confirm a significant positive correlation between increased lengthening and narrowing of the nasals, and reduced NV, with increased aridity, wherein lengthened, narrowed, and convoluted nasal passages are more efficient at conserving water from exhaled air. Incisor shape was not significantly associated with habitat or climate, perhaps due to different responses to dietary selective pressures in different deserts. Desert and mesic rodents overlap extensively in the morphospace represented by other skull characters indicating no significant difference between desert and mesic species in overall skull morphology or in traits not previously proposed as desert or arid adaptations.
suppleMentary data
Supplementary data are available at Journal of Mammalogy online.
Supplementary Data SD1.-List of all extant rodent species listed in IUCN grouped into desert, mesic, or unknown habitat categories.
Supplementary Data SD2.-Average of the raw bioclimatic variables encountered by species within their range. Variables and units are described in Supplementary Data SD3.
Supplementary Data SD3.-Description and units of the bioclimatic variables from Supplementary Data SD2.
Supplementary Data SD4.-Species means of raw distances extracted from the ventral views of crania in millimeters. Taxa sorted taxonomically, and a visual representation of distances can be found in the figures below. # = number of specimens used. BL = total length of the auditory bulla; BO = basioccipital length; BW = bulla width; CB = condyle breadth; DL = diastema length; IW = incisor width; MB = basicranial width; ML = molar tooth row length; MW = 1st molar width; PR = pterygoid region length; SL = skull length; SW = skull width.
Supplementary Data SD5.-Visual depictions of linear distances extracted from the ventral views of crania as described in Supplementary Data SD4. Distances are displayed on the cranium of the western jumping mouse (Zapus princeps; AMNH 124327).
Supplementary Data SD6.-Species means of raw distances extracted from the lateral and dorsal views of crania in millimeters. See Supplementary Data SD4 legend for more information. BH = bulla height across auditory meatus and perpendicular to LBL; DSL = dorsal skull length; DSW = dorsal skull width; ID = incisor depth; IH = incisor height; IOB = interorbital breadth; MH = 1st molar height (hypsodonty measurement); LBL = maximum lateral bulla length; LML = lateral molar row length; NB = nasal breadth; NSL = nasal length; RD = rostral depth.
Supplementary Data SD7.-Visual depictions of linear distances extracted from the lateral views of crania as described in Supplementary Data SD6. Distances are displayed on the cranium of the common cane mouse (Zygodontomys brevicauda; MVZ 113383).
Supplementary Data SD8.-Visual depictions of linear distances extracted from the dorsal views of crania as described in Supplementary Data SD6. Distances are displayed on the cranium of Spegazzini's grass mouse (Akodon spegazzinii; UF 27623).
Supplementary Data SD9.-Species means of raw distances extracted from the occlusal and lateral views of mandibles in millimeters. See Supplementary Data SD4 legend for more information. IL = incisor length (occlusal mandible view); IL2 = incisor length (lateral mandible view); JDL = jaw diastema length; JID = jaw incisor depth; JLB = jaw length measurement II; JLS = jaw length measurement I; JMH = jaw 1st molar height; JML = jaw molar tooth row length; JMW = jaw 1st molar width; LIW = width across both lower incisors; MAM = moment arm masseter; TJL = total jaw length.
Supplementary Data SD10.-Visual depictions of linear distances extracted from the occlusal views of mandibles as described in Supplementary Data SD9. Distances are displayed on the mandible of the Texas antelope squirrel (Ammospermophilus interpres; USNM 18154).
Supplementary Data SD11.-Visual depictions of linear distances extracted from the lateral views of mandibles as described in Supplementary Data SD9. Distances are displayed on the mandible of the big-eared climbing rat (Ototylomys phyllotis; FMNH 64565).
Supplementary Data SD12.-Species means of characters derived from raw distances described above. See Supplementary Data SD4 legend for more information. ABL = average bulla length; AIL = average incisor length; AJL = average jaw length; AML = average molar length; ASL = average skull length; ASW = average skull width; BI = bulla index; BV = bulla volume; LII = lower incisor index; NI = nasal index; NV = nasal volume.
Supplementary Data SD13.-Summarized composite chronogram of 591 rodent OTUs with collected morphological data. Molecular phylogeny modified from Fabre et al. (2012) and Steppan and Schenk (2017) . Major taxonomic groups are indicated. Red tips indicate desert species, black tips indicate mesic species, and blue tips indicate species with ambiguous habitat; black branches do not signify habitat. 
